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DISCLAIMER

This program was written in Fortran IV for a Honeywell
Multics 68/80 system¥, Although program tests have been
made, no guarantee (expressed or implied) is made by the
author regarding accuracy or proper functioning of this
program on all computer systems.

- an an on e en e . .-

¥ Any use of trade names in this report is for descriptive
purposes only and does imply endorsement by the U.S.
Geological Survey.
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By Walter L. Anderson

INTRODUCTION

Program IMSLEXY is a general-purpose program for
inversion of horizontal electric field component (Ex and/or
Ey) frequency sounding data obtained on an assumed
horizontally stratified earth for the quasi-static case
(i.e., neglecting displacement currents). The source 1is a
grounded electric dipole or finite-wire source of arbitrary
length (positioned along the =x-axis and centered at the
origin). The Ex and Ey fields are assumed to be measured at
the earth's surface. An IMSL (International Mathematical
. and Statistical Library, 1977) derivative-free Marquardt
(1963) nonlinear 1least-squares subprogram (ZXSSQ) is used
for inversion of frequency sounding data. See Appendix 2
-notes for conversion to other systems where the IMSL library
is not available. An adaptive digital filtering algorithm
(ZHANKS) developed by Anderson (1979) is used for evaluating
all Hankel transforms. See Anderson (1974), or Kauahikaua
and Anderson (1977), for the associated forward problem
solutions for Ex and Ey about a finite-wire source of
arbitrary length. ,

” The following program options are currently available:

(1) Simultaneous (or joint) inversion of Ex- - and_ . Ey
frequency soundings for a maximum of 9-layer models.

(2) Mixed frequency (parametric) and/or distance
(geometric) sounding inversion. Al so, mixed
observation types can be used (e.g., amplitude, phase,
real or imaginary parts).

(3) 1Inclusion of additional amplitude shift parameters for
both Ex and Ey in the least-squares when the correct
primary field normalization factors are unknown.

(4) Scaling parameter and observation spaces to constrain
the solution space and to reduce round-off effects.

(5) Weighted observations.

(6) Holding certain parameters fixed (constrained).

(7) .Object-time format control of reading the observed data

matrix.

To provide as much timely computer information as
possible, this report is being released without a
mathematical formulation section. The interested reader may
consult the cited references for more details.

The Fortran source listing is given in Appendix 1. A
few notes regarding conversion to other systems are given in
Appendix 2. Appendix 3 lists the input/output for a sample
test problem run on a Honeywell 68/80 system.
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PARAMETERS AND DATA REQUIRED

Parameters required by program IMSLEXY are read using
Fortran namelist read statements with specific names: $parms
and $init. [Note that some parameter relationships occur
(e.g., see $parms "k" and $init "mm") due to the general
nature of subprogram ZXSSQ, which was ‘designed for any
nonlinear least-squares problem.] Default values are used
whenever a corresponding parameter is omitted in a namelist.
The 1input data matrix 1is read from an optional alternate
file (unless overridden) using a Fortran object-time format.
Preceeding the $parms statement is a required 80-character
(or less) title.

The general input order read by program IMSLEXY is:

1. Title line (always required, max. 80 characters).
2. $parms --non-default parameters--$
(note $parms may begin in col. 1 on Multics).
3. (Object-time format) statement defining the given format
of the input data matrix. The object format begins with
w(" placed in col. 1, and ends with ")" before col. 73.
4, Optionally, the data matrix read under the object format
may be inserted here if the alternate data file is not
-used (see parameter ialt below).
5.7 $init --non-default parameters--$
6. Optionally, subsequent runs using the same data matrix,
.but with changed $parms and $init parameters, may be
‘made by repeating steps 1,2,3, and 5 (provided
parameters istop=0 and ialt is not 5). :

The above general input order is required whether the
job is being run in time-sharing or batch modes (see job
‘'operating instructions below).

PROGRAM FILES

fileO5 title, input parameters $parms, object format (for
reading data matrix on unit ialt=10--default), and
' $init parameters.
£ile06 on-line printer output file (see file16 for more
detailed output).
filel0 default input data matrix file read under the
object format given in file05. Parameter ialt=10
(default) may be changed to any file number other
than 06,13, or 16. Note ialt=05 will mean the
data matrix is 1included immediately after the
object-time format on file05.

file13 ~ scratch disk output file used as required during
execution of IMSLEXY.
file16 master print-type disk output file--contains

complete printable output.
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DETAILED PARAMETER AND DATA DEFINITIONS

'$parms parameters (with defaults and cross-references):

[names

below prefixed with a "¥" are not used by IMSLEXY,

but are included for conversion compatibility if the CALL
IMSLMQ is replaced by CALL MARQRT (see Appendix 2, paragraph
6 on this type of conversion)]

ns

k=

ialt;

n

Number of observed data points y(i),i=1,...,n,
where n<=200.

Total number of parameters (1<=zk<20, k<=n). The
value of k must be equal to 2*¥mm+1, where $init
parameter mm>0 is the number of 1layers in the
model; the last two parameters represent
amplitude shifts for Ex and Ey, respectively (see
definitions under parameter b below).

(cref: $init parameter mm and $parms n,b).

Number of omitted parameters; i.e., number of
parameters held fixed or constrained via array
ib() to initial input values given in array b().
Default ip=0 with the restrictions that ip<k and
n>=k-ip.

(cref: $parms k,n,ib(), and b).

Number of independent variables (m<=4) given in
the data matrix (y(i),x(i,j),j=1,m),i=1,n.  The
value of m must be given as follows:

when $init parameter -4<=ziob<=U4 (defines specific
observation type in y(i));

when $init parameter iob=5 (defines mixed
observation types in y(i) via x(i,2));

when ¢$init parameter iob=6 (defines mixed
observation types in y(i) via x(i,4) and distance
coordinate x0 in x(i,2) and y0 in x(i,3).

(cref: $parms iwt, $init x0, yO, iob, and DATA
MATRIX NOTES below for all definitions of x(i,m)
used) .

Input data matrix alternate 1logical wunit number
(default 10) for reading the data under the
object-time format specified in file05. The value
of ialt can be any value the operating system
supports, but cannot be equal to 6,13, or 16. If
ialt=5 is used, then the data matrix
((y(i),x(i,j),j=1,m),i=1,n) will immediately
follow the object format on fileO05.

(cref: $parms n,m, $init iob).




istop=

- iwt=

¥ jder=

iprt=

"
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0 to continue processing after completion of the

current problem (i.e., a total restart) with the

- same data matrix as last used, but using a revised

title, $parms, object-time format, and $init
parameters. Note that istop=0 can only be used
whenever ialt is not 5 (because file ialt is
rewound and read again). Also, all $parms and
$init parameters previously used will be assumed,
with the exception of array b(j)--which nmnust
always be given,

(default) to stop the run after completion of the
current problem.

(cref: $parms b,ialt).

(default) for unweighted observations; i.e., all n
observations y(i),i=1,...,n will be weighted unity
(with assumed standard deviations equal to 1.0).
for weighted observations given by the formula
wt(i)=1.0/x(i,m+1)%%¥2, where x(i,m+1) is the
standard deviation augmented to the data matrix
for the given m<=4. Note: wt(i)=1.0 is stored
automatically if iwt=0 or when iwt=1 and
x(i,m+1)=0.0 (to avoid division by 0).

(cref: $parms n,m, $init iob, and DATA MATRIX
NOTES) .

(default) to use analytic derivatives, which calls
both forward problem (fcode) and analytic
derivative (pcode) subroutines. .
to use estimated derivatives, which calls only
subroutine fcode. [If converting to subprogram
MARQRT (as in Appendix 2), then ider=1 must always
be used, because pcode is a dummy routine.]

(cref: $parms del).

(default) for standard abbreviated printout format
for each iteration. Note scaled values of
parameters b(j) and phi (sum of squares) will be
given via parameter scalep.

for detailed printout format [for each iteration
in MARQRT--but not in IMSLMQ], which includes the
parameter changes from the Marquardt algorithm.
[Note iprt=1 behaves like iprt=-2, unless
converting to subprogram MARQRT.]

-1 (recommended if scalep>0 used) for abbreviated

printout format for each iteration with printed
unscaled values of b(j) but scaled values of phi.

~2 same as iprt=-1 but also prints on file06

n-observational 1lines containing: observed value
(obs=y(i)), calculated value (eal), residual
(res), and x(i,1). Note file16 will always
contain the complete obs-cal-res and x(i,m) data




¥ niter=

¥ ff=

¥ tau-
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printout. Option iprt=-2 may be wuseful for
time-sharing runs to examine on-line the final
solution and residuals.

(cref: $parms iout,sp and DATA MATRIX NOTES).

Maximum number of iterations allowed before
accepting the results as "forced off" (default
niter=10). Four different types of convergence
tests are possible. One test is termed "forced
off", and will occur whenever niter has been
reached and one of the other convergence criteria
has not been achieved. Using a small value for
niter may be useful to monitor the progress for a
large problem, and as an aid for achieving a
convenient restarting procedure with the 1last
b-vector as a new initial estimate.

(cref: $parms b and Marquardt (1963) for
convergence tests used).

(default) to omit nonlinear confidence region
calculations. :
to compute nonlinear confidence regions after the
last iteration. This option <calls subroutine
fcode many times, and 1is not recommended for
general wuse with program IMSLEXY unless one is
interested in a detailed nonlinear statistical
analysis of the final solution.

(See IBM Share program 1428 for more details on
this option.)

Variance F-ratio statistic (default 4.0) wused to
compute linear support-plane confidence limits and
nonlinear (if inon=0) confidence 1limits after
convergence or niter iterations. The default
value is adequate for most applications.

Student's t-statistic (default 2.0) used to
compute one-parameter 1linear confidence 1limits
after convergence or niter iterations. The
default value 1is adequate for most applications.

Convergence criterion test parameter (default
0.5E-4). For example, for 2-figure accuracy, use
ex,01; for 3-figure accuracy, use e=,001, etc.
[for IMSLEXY, e is equivalent to $parms eps (see
below)].

(cref: Marquardt, 1963).

Convergence criterion test parameter (default
1.E"3)0
(cref: Marquardt, 1963).




¥ modlam=

¥ gamcr=

¥ del= —

sp=
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Initial Marquardt's lambda factor (default .01) to
be added to the diagonal of the Jacobian transpose
times Jacobian matrix. For some very
ill-conditioned problems, or for poor initial
parameter estimates, a larger x1 (e.g., 1.0) may
prove to be advantageous.

(cref: Marquardt, 1963 and IBM Share program
1428).

1 (default) to use a modified Marquardt 1lambda
method at each iteration as described in Tabata
and Ito (1973).

to use the original Marquardt (1963) lambda method
at each iteration. ,

Marquardt's critical angle between the gradient
and adjustment vectors (default U45.0 degrees).
The value of gamcr should not be set greater than
90 degrees. The default value is usually adequate
for most applications.

(cref: Marquardt, 1963).

Factor used in finite-difference equations
(default 1.E-5). Note del is used only when
ider=1 for estimated partial derivative
calculations.

(cref: $parms ider).

Singularity criterion for matrix inversion
(default 1.E-31), which may be selected greater
than or equal to the machine's smallest exponent
range.

Print output to file06 and file16 control option.
(default) for print output on both file06 and
file16. :
for print output only on- file06.

Note: filel6 output may be useful for deferred
output when running the job from a time-sharing
terminal; also, file16 may be used as an input
file for other processing programs (e.g., plot
routines). For this version, file06 output has
been purposely reduced for time-sharing terminal
use; however, for iout=1 (default), a complete
printable output is always given on file16.

(cref: $parms iprt).

scalep (equivalent names) is a parameter scaling
option,.

(default) to ignore parameter scaling (i.e.,
unscaled parameters).

(recommended for program  IMSLEXY) to scale
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parameters b(j) wusing 1n(b(j)), provided the
initial b(j)>0 for all j=1,2,...,k. Note scalep=1

. will automatically constrain the final solution
space such that b(j)>0 for all j in (1,k).

= 2 to scale parameters b(j) using arcsinh(b(j)).
This option allows for log-type parameter scaling
whenever b(j) is positive or negative for any j in
(1,k). However, for program IMSLEXY, the initial
parameters b(j)>0 must be given; hence sp=2 should
not be used (sp=2 is defined here for possible use
in other applications).
(cref: $parms b,k).
¥ sy= scaley (equivalent names) 1is an observation

scaling option.
.= 0 (default) to ignore observation scaling (i.e.,
unscaled observations y(i)).
= 1 to scale observations  y(i) using In(y(i)),
provided y(i)>0 for all i=1,2,...,n.
= 2 to scale observations y(i) wusing arcsinh(y(i)).
This option allows for log-type observation
scaling whenever y(i) is positive, negative, or
zero for any i in (1,n).
Note: Due to the possible wide range of numbers
commonly encountered in electromagnetic problems,
it is recommended that scalep=1 and scaley=2 be
generally used if converting to CALL MARQRT (as
described in Appendix 2, paragraph 6). A special
case automatically occurs whenever sy=2 and iob>=5
and both amplitude and phase data are included in
the data matrix; in this case, the program will
use ln(amplitude) or arcsinh(phase) accordingly.
(cref: $init iob and $parms b,k,n)

b()= Array of initial guesses for all k-parameters.
These values must be supplied greater than zero
for program IMSLEXY (i.e., positive conductivities
and thicknesses). The default values are set to
b(j)=0 for all j=1 to k, and would result in an
error condition if any b(j) was not supplied
y greater than zero.

The parameter order must be given as follows:

b(1),b(2),...,b(mm} are the mm layer
conductivities (in mhos per meter), and

b(mm+1),b(mm+2),...,b(2¥mm-1) are the mm-1 1layer
thicknesses (in meters); in addition, include

b(2*¥mm)>0 as the estimated Ex amplitude shift
parameter used in the model as b(2¥mm)¥Ex/Exp,




ib()=
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where Exp is the primary Ex field; and

- b(2¥mm+1)>0 as the estimated Ey amplitude shift

parameter used in the model as b(2*mm+1)¥*Ey/Eyp,
where Eyp is the primary Ey field.

Warning: The wuser should be aware that use of
amplitude data alone ($init iob=-1 or 1) will not
in general determine absolute layer
conductivities, since the shift parameters will
scale all conductivities accordingly. However,
layer conductivity ratios and layer thicknesses
are independent of the amplitude shift parameters.
The shift parameters should cause no ambiguity
whenever both amplitude and phase (or real and
imaginary) data are used jointly ($init iob=5 or
6) during inversion.

Note: 1If only phase data ($init iob==2 or 2) or
multiple distance soundings (iob=6) are used, then
the shift parameters should be fixed using $parms
ip and ib. Similarly, if only Ex (or Ey) data is
given, then the corresponding Ey (or Ex) shift
parameter should be fixed (e.g., set to 1.0) via
$parms ip and ib.

(cref: $parms k,ip,ib and $init mm,iob).

Array of ip-indicies (in any order) corresponding
to any b() parameter to hold fixed to its input
value. e.g., ip=2,ib(1)=3,ib(2)=5 will hold fixed
b(3), b(5) 1in the least-squares. If ip=0
(default), leave out array ib in the namelist.
(cref: $parms ip,b).

[the following ¢$parms (prefixed by a "#") are parameters
used only by IMSL subprogram ZXSSQ, and cannot be wused if

converting

# iopt=

to subprogram MARQRT as described in Appendix 2]

1 (default) implies strict descent of the sum of
squares is desired in the derivative-free
Marquardt algorithm (ZXSSQ), with default values
used in the input array parm().

implies strict descent is not necessary (i.e., the
"best" or optimum Marquardt paramester used may not
yield a strictly decreasing sum of squares at each
iteration).

implies strict descent is desired with user
parameter choices as given (or assumed) in input
array parm().

(cref: $parms parm()).




Multics Documentation Page 12
Program IMSLEXY

# parm()= array of length 4 required only when iopt=2. The
default is parm()=.01,2.,120.,.1, where each
-element is defined by the corresponding index as
follows: .
i=1, the initial value of the Marquardt parameter used
to scale the diagonal of the approximate Hessian
matrix, xjtj, by the factor (1.0+parm(1)). A
small value gives a Newton step, while a large
value gives a steepest descent step. (default
parm(1)=.01).
i=z2, the scaling factor used to modify the Marquardt
parameter, which is decreased by parm(2) after an
immediately successful descent direction, and
increased by the square of parm(2) if not.
(default parm(2)=2 where parm(2)>1 must be used).
-i=z3, an upper bound for increasing the Marquardt
parameter. The search for a descent point is
abandoned if parm(3) is exceeded. parm(3)>100 is
recommended. (default parm(3)=120).
i=4, value for indicating when <central rather than
forward differencing is to be used for calculating
the Jacobian (partial derivatives). The switch is
made when the norm of the gradient cf the sum of
squares function becomes smaller than parm(4).
P Central differencing 1is good in the vicinity of
the solution, so parm(y) should be small.
(default parm(i4)=.1).
(cref: $parms iopt).

# nsig= The first convergence criterion. Convergence 1is
satisfied if on 2 successive iterations, the
parameter estimates agree, component by component,
to nsig digits. (default nsig=3; using nsig>5 may
not allow convergence since single precision 1is
used).

#f eps= The second convergence criterion. Convergence 1is
statisfied if on 2 successive iterations the
residual sum of squares estimates have relative
differences <= eps. (default eps=0.0).

(cref: $parms e, which is equivalent to eps).

# delta= The third convergence criterion. Convergence 1is
statisfied if the Euclidean norm of the
approximate gradient is <= delta. (default
delta=0.0).

Note: The Marquardt iteration is terminated, and
convergence is considered achieved, if any one of
the three convergence conditions (nsig,eps, or
delta) is satisfied.




# maxfn=

$end

$init

iob=
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The maximum number of function evaluations (i.e.,
calls to subroutine FUNC in ZXSSQ) allowed. The

. actual number of calls to FUNC may exceed maxfn

slightly. Note: unless maxfn>0 is given,
maxfn=2¥k¥niter is used as the default value.
(cref: $parms k,niter, where default niter=10).

[end of $parms namelist]

parameters (with defaults and cross-references):

naw nn nn
N

N = =W

nn
!
=W

n
wm

Observation-type defined for y(i) [where we define
Zx=b(2*¥mm) ¥Ex/Exp and Zy=b(2¥mm+1)*Ey/Eyp]l:
(default) defines y(i) as the amplitude of Zx;
defines y(i) as the phase of Zx, expressed in
(-180,+180) degrees. [Note b(2%*¥mm) should be fixed
whenever iob=2.]

defines y(i) as the real-part of Zx;

defines y(i) as the imaginary-part of Zx;

defines y(i) as the amplitude of Zy;

defines y(i) as the phase of Zy, expressed in
(-180,+180) degrees. [Note b(2¥mm+1) should be
fixed whenever iob=-2.]

defines y(i) as the real-part of Zy;

defines y(i) as the imaginary-part of Zy;

(Note: for |iob{<=4, m=1 must also be given in
$parms.) 4
defines mixed observation-type frequency
soundings, where the 1i-th observation type is
given by x(i,2)=1.0 for amplitude of Zx, =2.0 for
phase of Zx, =3.0 for real of Zx, =4.0 for
imaginary of Zx, =-1.0 for amplitude of Zy, =-2.0
for phase of Zy, =-3.0 for real of Zy, or =-4.0
for imaginary of Zy.

(Note that for iob=5, m=2 must also be given in
$parms.) .

defines mixed observation-type frequency and/or
distance soundings, where the i-th observation
type is given by x(i,4) between -4.0 and 4.0 (same
definitions as in iob=5 case), and x0=x(i,2) and
y0=x(1i,3) defines the wire-source and receiver
separation.

(Note that for iob=6, m=4 must alsc be given in
$parms; also, the Ex and Ey shift parameters
b(2*¥mm) and b(2¥mm+1) should be fixed whenever

' iob=6 option is used.)

(cref: ¢$parms m, b(), $init mm, and DATA MATRIX
NOTES).




mm=

x0

ep=s

eps=

nepss
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Number of layers 1n the model (1<=mm<=9; default
mm=1).

Note: make sure $parms k=2%¥mm+1.

(cref: $parms k,b(), $init iob).

Transmitter-receiver x-separation, where x0>0.0
meters when iob<0 (i.e., Ey data only). Note
x0=0.0 is allowed when 0<iob<5 for Ex data only.
Also, x0 must be given, unless iob=6 is used for
distance soundings.

(cref: $init iob and DATA MATRIX NOTES)

Transmitter-receiver y-separation, where y0>0
meters when 1iob<0 ,(i.e., Ey data only). Note
y0=0.0 is allowed when 0<iob<5 for Ex data only.
In general, yO must be given unless iob=6 is used
for distance soundings.

(cref: $init iob and DATA MATRIX NOTES).

0.0 (default) defines a dipole source (recommended
for initial studies for any receiver-transmitter
separation). For 1>0.0 meters, a finite electric
wire source is assumed to be positioned along the
Xx-axis from x==-1 to x=+1 (i.e., the total
wire-length 1is 2%¥1 meters) as described in
Anderson (1974). For many cases where the radial
separation distance sqrt(x0*x0+yO0¥y0) is much
greater than 2%¥1, a dipole source may generally be
assumed; however, one may always consider the
initial dipole solution (when 1=0) as a good first
approximation to the layering when "near-source"
distances are used. Then one may use 1>0.0 (and
ider=1, which is required if method=0) for the
final 1layered solution after obtaining the 1=0
solution from an initial study.

(cref: $parms ider and $init method).

Requested integration accuracy for all finite
integrals when 1>0.0 is used. (default ep=.1le-2).
(cref: $init parmeters eps,neps,method,ier).

Requested convolution integration tolerance used
to compute all Hankel transforms using subprogram
ZHANKS (default .1e-5). (Note that eps<=zep is
required when 1>0.,0.)

(cref: $init parameters ep,l).

Approximate number of calls to subprogram fcode
before setting ep=zeps (default neps=10). This
option applies only when 1>0.0 finite-wire option
is wused. Note that neps, ep, and eps may be used
to significantly reduce the total computer




method=

nfin=

ier=
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CPU-time when 1>0.0 and x1>=.01, since higher
accuracy in the finite integrals are usually not
required in the early gradient search stages of
the Marquardt algorithm.

(cref: $parms x1 and $init parameters ep,eps,l).

0 (default) to use lagged-convolution method (see
Anderson, 1975) for all Hankel transforms, and
adaptive quintic-spline interpolation integration
over the finite-wire 1length (-1,1) when 1>0.0.
When 1=0 (dipole), method=0 behaves like method=2,
and direct convolution 1is wused for all hankel
transforms; method=0 is about 10-times faster than
method=2 when 1>0.0, and usually gives about 3 or
more figure accuracy. When method=0 and 1>0.0,
only ider=1 can be used in the present version.
(cref: $parms ider and $init 1).

to use direct convolution method for all Hankel
transforms and direct adaptive integration over
the finite-wire 1length when 1>0.0. [Note:
method=2 1is capable of yielding higher accuracy
(via parameters ier, ep and eps), but method=2 is
not recommended for routine use.]

(cref: $init parameters ep,eps,neps,ier,nfin).

1 (default) is used when method=0 to indicate the
number of 1interpolation passes to sample in the
lagged-convolution; i.e., the interpolation
intervalz.2/float(nfin). Normally nfin=1 . is
adequate for about 3-figure accuracy; however,
nfin=2 or 3 will give greater accuracy, but the
run time will be 2 or 3 times longer,
respectively.

(cref: $init parameter method).

Type of adaptive quadrature and convergence test
to select for definite integration over a finite
wire source (when 1>0.0). Parameter ier is
ignored for a dipole source (1=0.0).

for absolute error test (not generally recommended
to use first).

(default) for L-one norm error test (recommended
first).

for L-infinity norm error test (e.g., try if ier=2
fails). (Note that ier<z3 wuses an adaptive
Newton-Cotes quadrature.)

for relative error test using adaptive Gaussian
quadrature. (Note: ierz4 may be faster than ier=2
because adaptive Gaussian quadrature is generally
more efficient than adaptive Newton-Cotes
quadrature--but not always.)

for relative error test using non-adaptive




Multics Documentation Page 16
Program IMSLEXY

Gaussian quadrature.
= 0 for special case to force ier=2 and to ignore all
* "ep warning messages", as noted under parameter
mev below.
(cref: $init 1l,ep,mev).

mevs= Maximum allowable complex function evaluations
permitted in the adaptive integration procedure
when 1>0.0 (default mev=300).

Note: The program will print the message
"warning--ep accuracy not achieved in..." if ep
acguracy cannot be achieved in approximately mev
function evaluations when 1>0.0. In this case,
and if ier<=5, the program accepts the integral
and continues processing after setting ierzier+1
(if however, ier>5 is generated, then ier=0 |is
automatically set to suppress any further ep
warning messages). At each warning message, some
additional integration information is printed
regarding the accuracy (cerr) or actual error
obtained. If cerr 1is reasonably small, one may
decide to accept the results and ignore the
warning. On the other hand, it may be desirable
to rerun the problem with different parameter
values used for method, ep, eps, neps, mev, and
ier. Also, a data and parameter check should be
done before rerunning the program. As a last
resort, a special run may be made using ier=0 to
bypass any and all ep error messages; however,
this may be dangerous. Therefore ier=0 1is not
recommended for routine work.

(cref: $init 1,method,ep,eps,neps,mev,and ier).

$end [end of $init parameters]

DATA MATRIX NOTES

.The data matrix is defined as the sequence of ordered
rows: (y(i),x(i,j),j=1,m¥*), where izrow number 1,2,...,n,
and m¥=m+1 if iwt=1, otherwise m¥=m<=z4., The data matrix is
read on logical unit ialt (default 10) using an object-time
format statement (see any Fortran manual). The number of
items read depends on $parms m,iwt and $init iob as
previously defined. The wvarious data matrix options are
summarized as follows:

(a) Specific observation type, Ex or Ey frequency sounding
(-4<=iob<=4, m=1, and max. 3 items per record):
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1. y(i)=z i-th observation, where $init  -U<=iob<=l4
. defines the particular type.
2. x(i,1)= i-th frequency (x(i,1)>0.0 Hz.).
3. x(i,2)= standard deviation of observation i
(include only if iwt=1).

(b) Mixed observation types, Ex and/or Ey frequency
soundings (iob=5, m=2, and max. 4 items per record):

1. y(i)=z i-th observation (where actual type is
defined by x(i,2)).
i-th frequency (x(i,1)>0.0 Hz.).
observation type in y(i); for
Zx=b(2%*mm) ¥Ex/Exp, use x(i,2)= 1.0 for
amplitude, =2.0 for phase (degrees), =3.0
for real part, or =4.0 for imaginary part
of 1Ix; for Zy=b(2*mm+1)*Ey/Eyp, use
- -x(i,2)==1.0- for amplitude, =-2.0 for phase
(degrees), =-3.0 for real part, or =-=4.0
for imaginary part of Zy.
4, x(i,3)= standard deviation of observation i
_ (include only if iwt=1).

2. x(i, 1)
3. x(i,2)

(e) Mixed observation types, Ex and/or Ey frequency and
- distance soundings (iob=6, m=4, and max. 6 items per
record):

1. y(i)=z i-th observation (where actual type is
defined by x(i,4)). :

2. x(i,1)= i-th frequency (x(i,1)>0.0 Hz.).

3. x(i,2)= i-th transmitter-receiver xO-coordinate, in
meters (same rules as with $init x0).

4, x(i,3)= i-th transmitter-receiver yO-coordinate, in
meters (same rules as with $init yo0).

5. x(i,4)= observation type in y(i), where x(i,4) must
be between -4.0 and 4.0 as defined in (b)3
above.

6. x(i,5)= standard deviation of observation i
(include only if iwt=1).

-The data matrix should be grouped or ordered with
consecutive frequencies that are equal (and/or distances, if
used) with respect to each observation type (for -example,
see the grouping used in Appendix 3). This ordering is not
mandatory, but it will significantly reduce the total
calculation time when 1=0.0 (default case).
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EXAMPLES OF INPUT PARAMETERS AND DATA ORDERING

Speéific observation type; phase of Ey (iob=-2),
finite-wire source (1>0.0), fixed shift parameter
(required because iob=-2):

example 1.

$parms n=60,k=7,m=1,iprt=-1,sp=1,1ialt=5,
nsig=2,

ip=2,ib=6,T7,

b=.1,.2,.3,10,20,2%1%

(2£10.0)

-2.8 1.

-4.15 1.2 !
-8.1 1.6

-10.2 2.

~--(ete. for 56 more observations)--
$init mm=3,iob=-2,y0=100,x0=100,1=200,
ep=.01,eps=.001,neps=30,ier=4%

Mixed observation types (real and imaginary parts), Ex
and- Ey soundings, dipole-source (1=0.0), unknown shift
parameters:

example 2.
$parms n=100,k=7,m=2,iprt=-2,sp=1,ialt=5,
b=o1,.2, 03,10,20’ 05,1.5$

(3£10.0)

1.01 1. 3.
“2.3 1. u‘o
0.987 1. -3.
-5.23 1. -4,
0.79 1.6 3.
-203"' 1.6 u‘.
0.867 1.6 -3.
-10.23 1.6 -4,

--(etec. for rest of soundings)--
$init mm=3,iob=5,x0=100,y0=200$

Distance Ex and Ey amplitude soundings, dipole-source
(1=0), weighted observations (iwt=1), and fixed Ey shift
parameter:

example 3.
$parms n=50,k=7,m=4,iprt=-1,sp=1,1ialt=5,iwt=1,
b=.1,.2,.3,10,20,2,1, ip=1,ib=7$

(6£10.0)

1.98 1. 100. 200. 1. .02
0.998 1. 100. 200. -1. .03
--(ete. for rest of freq. sounding at this spacing)--
1.56 1.2 300. 4o00. .02

0.97 1.2 300. 400. -1. .025
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1.32 y, 300. 400. 1. .04

0.832 L, 300. 400. -1. . 045
--(ete. for rest of freq. sounding at this spacing)--

$init mm=3,iob=6%$

SPECIAL OBJECT FORMAT PHRASES

One may use special Fortran object formats to skip
observations without changing the data matrix. For example,
if we wish to use only the Ey amplitude data in example 3
above, we could set n=25 and use the format (/6£10.0).
Similarly, if we wanted only Ex amplitudes ¢to be wused in
example 3, then the format (6f10.0/) would accomplish the

. desired result.

Also, if an existing data matrix file does not have the
properly defined column ordering in the form
(y(i),x(i,j),j=1,m), then the Fortran "tn" format phrase may
be wused to begin at any column n in the data record. For
example, the format (t#41,f10.0,t1,3f10.0) will select y(i)
using col.41-50 and x(i,1) beginning at col.1.

MULTICS OPERATING INSTRUCTIONS

1. Initially, one should add the following 1libraries (via
the command "asr") to his search rules after the working
directory: >udd>Emodl_inv>WAnderson>lib_em,
>udd>Emodl_inv>WAnderson>1lib_ 1, and >iml>imsl.

2. Either attach "fileO5" to a predetermined ascii (stream)
parameter file, or let file05 default to "user_input"
(i.e., the wuser's terminal). The order of parameters
and data on file05 must be given as defined in the
section PARAMETERS AND DATA REQUIRED above. To attach
file05, type:
io attach file05 vfile parameter_file name

3. Attach "file10" to an input data matrix ascii file if
ialt=10 (default) is used. If ialt=5 is selected, then
ignore this step, but include the data matrix following
the object-time format on "fileO5"--see examples 1 and 2
above. In practice, it is usually best to use distinet
files file05 and file10 for parameters and data
respectively. To attach filel10, type:
io attach file10 vfile data file name

4, Set the wunderflow condition handler off by typing:
set_ufl -off
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5. Execute program IMSLEXY by typing: imslexy

If . file05 was not attached, then the user must
anticipate the required title, $parms, object format, and
$init to be typed on "user_input". Prompt messages are not
printed on the terminal.

Note "file16" is the complete print file (normally
found on disk on Multics), and "file06" 1is always the
on-line terminal print file. File16 should either be
deleted or printed on a line printer after running program
IMSLEXY. Also, file13 (if used) should be deleted after
running the program. To submit the job as a batch job
(called an absentee job on Multics), prepare step 1-5 above
., in a segment with .absin suffix and use the
"enter_abs request" command.

ERROR MESSAGES

Most parameter and/or data errors are noted by
self-explanatory messages appearing in the printed file(s),
and the Jjob 1is terminated. For example, the message
"error--some $parms out of range" means that a violation (or
omission) of a required parameter range has been committed
in the $parms namelist. Check all $parms values, correct,
and resubmit the job.

Exponent underflow may occur when the argument is 1less
than 1.E-38 on Multics; this is not fatal because 0.0
replaces all underflows. To suppress the underflow
messages, the command "set ufl -off" can be used prior to
‘executing IMSLEXY.

Exponent overflow and/or arithmetic overflow messages
will terminate the run under Multics control. An overflow
condition wusually means a very poor initial parameter
estimate was given in array b() for the model (mm) chosen.
First check that all $parms, $init, data matrix values, and
object-time format are correct. If no errors are found,
then try to revise the model (mm) and/or use better guessed
estimates for the starting parameters in array b().

If any parameter begins to approach zero or become
unbounded during the least-squares iterations, then one may
fix (constrain) the parameter to a reasonable value, and
restart the program to obtain a constrained 1least-squares
solution. This 1is usually required when the data are not
sufficient to resolve all the parameters for the model (mm)
chosen,
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PRINTED OUTPUT

Results are printed on logical unit 6 (file06) and on
unit 16 (file16). Refer to Appendix 3 for a sample output
listing of file16.

The following table defines additional names (or terms)
used in the printed output files, other than $parms and
$init parameters previously defined:

[names below prefixed with a "*" are not wused by IMSLEXY,
but are included for conversion compatibility if the CALL
IMSLMQ is replaced by CALL MARQRT as described in Appendix
2, paragraph 6 (also see Marquardt (1963) and IBM Share

. program 1428 for more details on several of these output

names); names prefixed with a "#" apply only to IMSLMQ
printout (also see IMSL (1977) documentation of ZXSSQ for
details on several of these output names); names without
~any prefix apply to both IMSLMQ or MARQRT printed output]

names/terms definitions

sigma(i) conductivity (in mhos/meter) of layer i,
i=1,...,mm.

thick(i) thickness (in meters) of 1layer i,
i=1’o..,mm-1o

# gradient the gradient vector (scaled via $pérms
sp) corresponding to the final solution
vector in IMSLMQ.

4 norm gradient square root (sqrt) of sum-of-squares of
the gradient vector.

# infer type of convergence obtained in IMSLMQ
(see IMSL routine ZXSSQ for more
details). Briefly,

infer=0 indicates convergence failed (see # ier

i below for explanation).

infer=1 indicates the first criterion (# nsig)
was satisfied.

infer=2 indicates the second criterion (# eps)
was satisfied.

inferzl4 indicates the third criterion (# delta)
was satisfied.
(Note: if more than one convergence
criterion were satisifed, then infer
contains the sum; e.g., infer=3 means
the first and second criteria were
satisfied simultaneously.)




#

#

#

ier

ier=0
ier=129

ier=130

ier=131

ier=132
ier=133

ier=38

marquardt parm

-~

phi -or-
ssq
s_e (or se) -or-

rmserr

iter

length

gamma
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error code in IMSLMQ (see IMSL routine
ZXSSQ for more details). Briefly,
implies no error.

implies a singularity in the Jacobian
matrix.

implies that some ZXSSQ calling
parameter is incorrect.’

implies Marquardt parameter > # parm(3)
was encountered. Note that this 1is
printed as an "IMSL terminal error" in
ZXSSQ--but is considered only a "warning
error"™ in IMSLMQ (i.e., the results may
still be usable even if ier=131).
implies a singular Jacobian matrix.
implies # maxfn was exceeded. Note that
this is printed as an "IMSL terminal
error" in ZXSSQ--but is considered only
a "warning error" in IMSLMQ (i.e., the
results may still be usable even if
ier=133).

implies the Jacobian is zero (i.e., the
solution is a stationary point).

same as "¥ lambda" below; but in IMSLMQ,
the value printed is the lambda factor
on the last Marquardt iteration, which
is given (along with other
self-explanatory terms) under the
general heading:

"$$%% imslmq convergence information".

weighted sum-of-squares of the residual
function defined over n observations;
i.e., the objective function to be
minimized by nonlinear least-squares
using MARQRT-*¥ (Marquardt, 1963), or
IMSLMQ-# (IMSL, 1977).

standard error of estimate (or weighted
root mean square error) defined as
se=sqrt(phi/(n-k+ip)) for MARQRT-¥, or

rmserr=sqrt(ssq/(n-k+ip)) for IMSLMQ-#.

Marquardt (1963) major iteration count,
where 1<ziter<=niter.

length of the Marquardt (1963)
adjustment vector delta(j),j=1,k at each
iteration.

angle (in degrees) between the gradient
and Marquardt (1963) adjustment vector




¥ Jambda

¥ _epsilon test

¥ gamma lambda test

¥gamma epsilon test

¥ _force off

obs.y(i)

cal

res

¥ 9res.err

x(i,J3)
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at each iteration.

"Marquardt (1963) lambda factor (=x1 on
iter=1) to be added to the diagonal of
the Jacobian transpose times the
Jacobian matrix at each iteration.

standard convergence test passed
whenever abs(delta(j))/(tau+abs(b(j)))<e
for all j in (1,k), where delta(j) is
the Marquardt (1963) adjustment vector.

alternate convergence test passed
whenever lambda>1 and gamma>90 degrees.
This criterion is used, rather than the
standard epsilon test, when the
parameter corrections are dependent on
large rounding errors--almost certainly
due to the presence of very high
correlations among the parameter
estimates. :

alternate convergence test passed
whenever gamma<gamcr. This criterion is
used if parameter increments become
small enough to pass the epsilon test as
a result of successive halving of the
increments. When this occurs, the value
of phi is presumed minimized within the
limits of the rounding error.

no convergence occurred after niter
iterations. Upon branching to the
confidence limit calculations, the
program will use the parameter values on
the last iteration (i.e., when
iter=niter).

observed y(i) input dependent variable
for i=1,...,n.

calculated dependent variable for
i:1,.'.,n.

residual=(obs.y(i)-cal) for i=1,...,n.

percent residual error=100%*res/cal for
i=1,...,n.

input x(i,j),j=1,m independent variables
for i=z1,...,n. (see DATA MATRIX NOTES
above for specific definitions of
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x(i,j3)).

¥ _~unscaled forced scalep=scaley=0 after the 1last
iteration to produce unscaled statistics
on convergence (or if forced off after
niter). '

¥ partials -or- (¥*-unscaled; #-scaled) partial derivative

# jacobian (xjtj) Jacobian matrix on the last iteration
for each parameter (j=1,k), evaluated at
observation i=1,...,n.

¥ ptp inverse -or- inverse of the Jacobian transpose matrix
# xjtj inverse times Jacobian matrix (order k).

correlation matrix parameter correlation coefficient matrix
(order k) derived from the ptp-¥ or
xjtj-# inverse matrix.

std error(j) parameter standard error defined as
error(j)=("-unscaled-"se) ¥sqrt(ptp(j,j)),
— fOT‘ j:T,ooo’ko
¥ one-parameter one-parameter lower and upper linear
confidence 1limits, based on Student's
t=2.0 (default).

¥ support plane linear lower and upper support plane
confidence 1limits, based on variance
F-ratio statistic ff=4.0 (default).

std.error/parm parameter relative error defined as std
error(j)/parameter value(j), for j=1,k.

resistivity(i) ' final resistivity (in ohm-meters) of
layer i, i=1,...,mm,

depth(i) final depth (in meters) to bottom of
layer i, i:1,ooo,mm"1.
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Appendix 1.-- Source listing

The attached subprograms are listed in the following
order with beginning line numbers as noted:

C--IMSLEXY: EXY INVERSION USING IMSLMQ (2/4/80)

SUBROUTINE IMSLEXY SUBZ(Y,X,B,PRNT,NPRNT,N, TITLE, IOUT)
SUBROUTINE FCODE(Y,X,B,PRNT,F,I,IDER)
SUBROUTINE IMSLEXY SUBEND(Y X,B,K,N,TITLE, IOUT)
COMPLEX FUNCTION EX03(X)
COMPLEX FUNCTION EYO3(X)

COMPLEX FUNCTION F12_2(G)

COMPLEX FUNCTION F11_2(G)
COMPLEX FUNCTION FT7 2(G) ;
SUBROUTINE PRMEXY

SUBROUTINE FINF7(B1,B2,F71,F72)

SUBROUTINE ERRMSG(MSG,M5,16,19)

SUBROUTINE WARN(MSG,M5,16,19,%)

INTEGER FUNCTION LOC(I J)

COMPLEX FUNCTION CANcu(A1 B1,EP,M,N, FUN, MF, ESUM)
COMPLEX FUNCTION CQSUB(A, B, EPSIL NPTS ICHECK RELERR, F,MEV)
COMPLEX FUNCTION CQSUBA(A, B, EPSIL, NPTS, ICHECK, RELERR, F,MEV)
SUBROUTINE CQUAD(A,B,RESULT,K,EPSIL,NPTS,ICHECK,F,MEV)
COMPLEX FUNCTION FINEX(B)

COMPLEX FUNCTION FINEY(B)
SUBROUTINE POLAR2(Z,AMP,PHZ180)
SUBROUTINE SETRHO(X)
COMPLEX FUNCTION FINITE(FUNC,BFIN)
SUBROUTINE RECUR1(G,V1,F1)
SUBROUTINE RECUR2(G,V1,F1,L1)
COMPLEX FUNCTION ZEX(B,NEW,R)

COMPLEX FUNCTION FUNINT(X)
SUBROUTINE QUINT(NY,Y,B,C,D,E,F)
SUBROUTINE QPOINT(NY,Y,B,C,D,E,F,X1,DELX,XX,YY)
COMPLEX FUNCTION F3(G)

COMPLEX FUNCTION ZLAGHO(X,FUN, TOL,L,NEW)
SUBROUTINE IMSLMQ(SUBZ,SUBEND)
SUBROUTINE FPXSSQ(C,N,KIP,F)
SUBROUTINE LNXSSQ(C,N,KIP,F) =
COMPLEX FUNCTION ZHANKS(N,B,FUN, TOL, NF,NEW)
SUBROUTINE SWAP(ICODE)
SUBROUTINE MODIFY(N)

00000010
00000110
00001270
00002620
00003000
00003490
00003930
06003990
oooou#110
00004250
00004510
00004630
00004860
00005060
00005170
00006740
00008270
00009680
00013200
00013470
00013680
00013970
00014230
00015210
00015520
00015870
00016060
00016220
00016990
00017180
00017260
00019500
00022710
00023040
00023170
00026590
00026830
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Source Availability

The current version of the source code may be obtained
by writing directly to the author*¥. A magnetic tape copy of
the source code will be sent to requestors to be copied and
returned to the author. This method of releasing the
program was selected 1in order to satisfy requests for the
latest wupdated version. The magnetic tape 1is usually
recorded in the following mode (unless otherwise requested):

Industry compatible: 9-track, unlabeled, EBCDIC mode,
odd-parity, 800 bpi density, 80-character records
(blocked, 50-card images per block), and contained on
one file.

NOTE: The source code for all IMSL Library routines used
(ZXSsQ, LEQT1P, LUDECP, LUELMP, LINV1P, and UERTST) are only
available from International Mathematical and Statistical
Libraries (1977), whose address is given in the reference
list.

Copyright Notices

(1). Subprogram QUINT was converted to FORTRAN from the
original ALGOL program published by Herriot and Reinsch
(1976), copyrighted 1976 by the Association for
Computing Machinery, Inc.; permission to republish,
all or in part, was granted by ACM.

(2). Subprograms CQUAD, CQSUB, and CQSUBA are modified
versions of subprograms QUAD, QSUB, and QSUBA,
respectively, which were published by Patterson (1973),
copyrighted 1973 by the Association for Computing
Machinery, Inc.; permission to republish, all or in
part, was granted by ACM.

¥ present address is:

U.S. Geological Survey
Mail Stop 964

Box 25046, Federal Center
Denver, Colorado 80225
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C--IMSLEXY: EXY INVERSION USING IMSLMQ (2/4/80)
C )
EXTERNAL IMSLEXY_SUBZ,IMSLEXY_SUBEND

C~--FOLLOWING CALL INITREF ONLY FOR HONEYWELL MULTICS SYSTEM.

C DELETE FOR OTHER SYSTEMS.

CALL INITREF(">UDD>EMODL_INV>WANDERSON>LIB_EM","IMSLEXY",

& "FCODE")

CALL IMSLMQ(IMSLEXY SUBZ,IMSLEXY_SUBEND)
STOP

END

SUBROUTINE IMSLEXY SUBZ(Y,X,B,PRNT,NPRNT,N,TITLE,IOUT)
C--INITIALIZATION ROUTINE FOR "IMSLEXY"
C--FOLLOWING CHARACTER STMT ONLY FOR HONEYWELL MULTICS SYS:

CHARACTER*5 TITLE(16)

COMPLEX ZFLD, ZI1,ERRFIN

REAL  Y(1),X(200,5),B(1),PRNT(1) ,EPS

REAL  K(10),D(9),L

COMMON /MODEL /K, D, MM

COMMON/SHARE/EPS ., €2, C3, Cli, X0, Y0, YY2, RHO, RHO2, DELRHO, BB,

1 L,DEL,DEL2, METHOD, IREST(2)

COMMON/CTL/ZI1, ZFLD,

1 AMP,SIG1,EXPR,EYPR,FREQ,LCOMP,ICOMP,

2 EP, NEPS,IEPS,IOB,M1,M21,M2,M2P1, TER, IERR, MEV, IIOB
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COMMON/FINERR/HAKTOL,FINTOL,INTYPE,NFIN,NEVFIN,MEVFIN,ERRFIN,LW

NAMELIST/INIT/I1I0B,MM,X0,Y0,METHOD,EPS,EP, NEPS,L,IER,MEV
DATA ISUBZ/0/
IF(ISUBZ.NE.O) GO TO 10

C-~PRESET

ISUBZ=1

MM=1

MEV=300

IER=2

L=0.0

IOB=1

X0=0.0

Y0=0.0

METHOD=0

NFIN=1

EPS=.1E-3

10 EP=.1E-2

NEPS=10

READ(5,INIT)

WRITE(6,20) TITLE

20 FORMAT(17H1I M S L E X Y --,5X,16A5/)
IF(IOUT.EQ.1) WRITE(16,20) TITLE

WRITE(6,30) IOB,MM,XO0, YO L,METHOD, IER,MEV, NFIN, EPS,EP, NEPS

IF(IOUT.EQ.1)

1 WRITE(16,30) I10B,MM,X0,Y0,L,METHOD,IER,MEV,NFIN, EPS,EP,NEPS

30 FORMAT(7H IOB = ,I2,8X,5HMM =
1 34 L=,E12.5/10H METHOD = ,I1,6X,
2 6HIER = ,I1,9X,6HMEV = ,I5,5X,5HNFIN=,I3/5H EPS=,E11.5,

,I12,9X%,3HX0=,E12.5,4H Y0=,E12.5,

00000010
00000020
00000030
00000040
00000050
00000060
00000070
00000080
00000090
00000100

00000110
00000120
00000130
00000140
00000150
00000160
00000170
00000180
00000190
00000200
00000210
00000220
00000230
00000240
00000250
00000260
00000270
00000280
00000290
00000300
00000310
00000320
00000330
00000340
00000350
00000360
00000370
00000380
00000390
00000400
00000410
00000420
00000430
00000440
00000450
00000460
00000470
00000480
00000490
00000500
00000510




C--TE

C--TE

40

50

60
.C~-~PR

70
80
90

100
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3 4H EP=,E11.5,2X,THNEPS =
ST $INIT PARMS
IF(MM.LT.1.0R.MM.GT.9.0R.(X0.EQ.0.0.,AND.IOB.LT.O0)

1 .OR.(Y0.EQ.0.0.AND.IOB.LT.0).OR.(X0.EQ.0.0.AND.Y0.EQ.0.0.AND.
2 IOB.NE.6).0OR. EP.LT.EPS.OR.L.LT.0.0.0R.

3 IER.LT.0.0R.IER.GT.5.0R.

4 METHOD.LT.O0.OR.METHOD.GT.Z2.0R. '

5 I0OB.EQ.0.0R.IOB.LT.~4.0R.IOB.GT.6.0R.NEPS.LT. 1)

6 CALL ERRMSG(30HSOME $INIT PARMS OUT OF RANGE , 6, 6 16)
IIOB=IABS(IOB)

ST X(I, ) DATA FOR GIVEN IOB BEFORE PROCEEDING--

DO 60 I=1,N

IF(X(I,1).LE.0.0) CALL ERRMSG(

1 21HSOME FREQ=X(I,1).LE.0,5,6,16)

IF(II0OB-5) 60,40,50

J=IFIX(X(I,2))

IF(J.LT.-4.0R.J.GT.4.0R.J.EQ.O)
& CALL ERRMSG(

140HSOME IOBS=X(I,2) OUT OF RANGE WHEN IOB=5,8,6,16)

GO TO 60

J=IFIX(X(I,4))
IF(J.LT.-4.0R.J.GT.4.0R.J.EQ.0) CALL ERRMSG(
1 41HSOME IOBS=X(I,4) OUT OF RANGE WHEN IOB=6
IF(J.LT.0.AND.X(I,2).EQ.0.0.0R.X(I,3).EQ.0.0)
1 CALL ERRMSG(

2 5THSOME X0=X(I,2) OR Y0=X(I,3)=0 WHEN X(I,4).LT.O0.AND.ICB=6 ,
3 12,6,16)

CONTINUE

ESET SOME GLOBAL CONSTANTS

IERR=IER

IF(IER.EQ.0) IERR=2

HAKTOL=1.0E-6*EPS

FINTOL=1.0E-3*EP

INTYPE=IERR

MEVFIN=2¥MEV

IF(IOB.EQ.6) GO TO 150

YY2=YO*YO

CALL SETRHO0(0.0)

WRITE(6,80) RHO

IF(IOUT.EQ.1) WRITE(16,80) RHO

FORMAT(///40H RECEIVER-TRANSMITTER SEPARATION (RHO) =,
¥ ///184 PARAMETER ORDER--~/)

M1=MM-1

M2=2*¥MM

M21=M2-1

M2P 1=M2+1

WRITE(6,100) (I,I,I=1,MM)

IF(IOUT.EQ.1) WRITE(16,100) (I,I,I=1,MM)
FORMAT(5X,13,6X,6HSIGMA(,I3, 1H))

IF(MM.EQ.1) GO TO 132

DO 110 I=1,M1

J=MM+I

JIN)

»9,6,16)

E12.5
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131

133
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IF(IOUT.EQ.1) WRITE(16,120) J,I

WRITE(6,120) J,I

FORMAT(5X,13,6X,6HTHICK(,I3,1H))

WRITE(6,131) M2,M2 ‘
FORMAT(5X,13,10X,2HB(,I3,25H) EX/EXP SHIFT PARAMETER)
IF(IOUT.EQ.1) WRITE(16,131) M2,M2

WRITE(6,133) M2P1,M2P1 '
FORMAT(5X,I3,10X,2HB(,I3,25H) EY/EYP SHIFT PARAMETER)
IF(IOUT.EQ.1) WRITE(16,133) M2P1,M2P1
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00001040
00001050
00001060
00001070
00001080
00001090
00001100
00001110
00001120

C--X(I,1)=FREQ, X(I,2)=I0B TYPE (IF IOB=5), X(I,M+1)=STD.DEV. (IF IWT=1)00001130

C NO
C M=
C AL

130

140
150

160

C--FU
C
C-~PA

QOO0 O0O00

TE-- M=1 REQUIRED IN PGM IMSLMQ WHEN -4<=IOB<=4, AND
2 IS NECESSARY WHEN IOB=5...
SO, M=4 IS NECESSARY WHEN IOB=6...
NPRNT=2

IF(IOB.EQ.5) NPRNT=3

IF(IOB.EQ.6) NPRNT=5

IEPS=0

RETURN

WRITE(6,160)

IF(IOUT.EQ.1) WRITE(16,160)
FORMAT(///18H PARAMETER ORDER--/)
GO TO 90

END

SUBROUTINE FCODE(Y,X,B,PRNT,F,I,IDER)

NCTION EVALUATION FOR NORMALIZED EX OR EY FOR "IMSLEXY"
RAMETERS -~

Y= OBSERVED DEPENDENT VARIABLE ARRAY (DIM. N)

X= OBSERVED INDEPENDENT VARIABLE ARRAY (DIM. N,5)

B= CURRENT PARAMETER ARRAY ESTIMATES (DIM. K)

PRNT= WORK AND PRINT ARRAY (DIM. 5)

F= OUTPUT FUNCTION VALUE EVAL. FOR GIVEN Y,X,B AT OBS. I

I= OBSERVATION NO. TO EVAL. F (1<=I<=N)

IDER= 0 IF ANALYTIC DERIVATIVES ARE USED LATER (PCODE CALLED)

1 IF ESTIMATED DERIVATIVES USED ONLY (PCODE NOT CALLED)

REAL Y(1),X(200,5),B(1),PRNT(5),F,EPS

COMPLEX EX03,EY03,CERR, CANCY, ZFLD,ZI1, TWOI, ECON,
# ERRFIN,FINEX,FINEY

REAL K(10),D(9),L

COMMON/FX/XR2

COMMON/MODEL/K, D, MM

COMMON/ SHARE/EPS, C2,C3, C4, XX, YY, YY2, RHO, RHO2, DELRHO, BB,

1 L,DEL, DEL2, METHOD, IREST(2)

COMMON/CTL/ZI1, ZFLD,

1 AMP,SIG1,EXPR,EYPR,FREQ, LCOMP, ICOMP,

2 EP,NEPS,IEPS,IOB,M1,M21,M2,M2P1, IER, IERR, MEV, I10B
COMMON/FIN/R1%, R2, RO, XLEN, SIG1A, XFIN, YFIN
COMMON/THICK/DIN(9)

COMMON/FINERR/HAKTOL, FINTOL, INTYPE,NFIN, NEVFIN, MEVFIN, ERRFIN,LW

00001140
00001150
00001160
00001170
00001180
00001190
00001200
00001210
00001220
00001230
00001240
00001250
00001260

00001270
00001280
00001290
00001300
00001310
00001320
00001330
00001340
00001350
00001360
00001370
00001380
00001390
00001400
00001410
00001420
00001430
00001440
00001450
00001460
00001470
00001480
00001490
00001500
00001510
00001520
00001530
00001540




10
20
30

40

50

60
70

80

90
100

C

Multics Documentation
Program IMSLEXY

EXTERNAL EXO03,EYO03

DATA FREQL/0.0/,LCOMP/0/,TW0I/(0.0,2.0)/
IF(I.GT.1.0R.MM.EQ.1) GO TO 20

DO 10 J=2,MM
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IF(B(J). EQ B(J-1)) CALL ERRMSG(20HSOME SIG(J) SIG(J-1),4,6,16)

CONTINUE

DO 30 J=1,5

PRNT(J)=X(I,J)

IF(IOB.NE.6) GO TO 40

ISEP=0

IF(XX.NE.PRNT(2).0R.YY.NE.PRNT(3)) ISEP=1
CONTINUE

FREQ=PRNT(1)

IF(I.EQ.1.0R.IDER.NE.O.OR.FREQ.NE.FREQL) GO TO 50

JUMP=1
IF(IOB.EQ.5) GO TO 220
IF(IOB.EQ.6.AND.ISEP.EQ.0) GO TO 240
JUMP=0

SIG1=B(1)
DEL2=1.0/(39.47841762E-T*SIG1¥FREQ)
ECON=TWOI/(SIG1*¥DELZ)
DEL=SQRT(DEL2)
IF(IOB.NE.6.0R.ISEP.EQ.0) GO TO 60
XX=PRNT(2)

YY=PRNT(3)

CALL PRMEXY

IF(I.EQ.1) IEPS=zIEPS+1
IF(2*IEPS.EQ.NEPS) EP=EPS
IF(L.GT.0.0) GO TO 80
XR2=XX*¥XX/RHO2

Cl=1.-2.%¥XR2

IF(MM.EQ.1) GO TO 100

DO 90 J=1,M1

K(J)=B(J)/SIG1

DIN(J)=B(J+MM)

D(J)=2.0%B(J+MM) /DEL

K (MM) =B(MM) /SIG1

ICOMP=0

IF(IOB.EQ.5) GO TO 220

IF(I0B.EQ.6) GO TO 240

LCOMP=0

ICOMP=1

IF(IOB.LT.0) ICOMP=-1

C--GET COMPLEX NORMALIZED FUNCTION (EX/EXP OR EY/EYP)

110

120

IF(L.GT.0.0) GO TO 130

IF(ICOMP.EQ.1) ZFLD=ECON¥EX03(DUM)/EXPR
IF(ICOMP.NE.1) ZFLD=ECON¥EY03(DUM)/EYPR
IF(ICOMP.EQ.1) ZFLD=B(M2)¥*ZFLD
IF(ICOMP.NE.1) ZFLD=B(M2P1)*ZFLD
IF(JUMP.EQ.1) GO TO (170,180,190,200),I0BS
GO TO (170,180, 190,200,220,240),I110B
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130 IF(METHOD.NE.O) GO TO 131

C--FINITE WIRE METHOD=0 (L>0.0)
XLEN=L :

SIG1A=SIG1
XFIN=XX
YFIN=YY
RO=SQRT(XX*XX+YY2)
R1=SQRT((XX+L ) *¥24YY2)
R2=SQRT((XX-L)*¥¥24YY2)
BB=RO/DEL
IF(ICOMP.EQ.1) ZFLD=-FINEX(BB)/EXPR
IF(ICOMP.NE.1) ZFLD=FINEY(BB)/EYPR
NEV=NEVFIN/2
CERR=ERRFIN
GO TO 150
IF(ICOMP.EQ.1) GO TO 140
IF(XX.EQ.0.0)ZFLD=(0.0,0.0)

131

IF(XX.NE.0.0)ZFLD=ECON*CANCY4(-L,L, EP,NEV, IERR,EY03, MEV, CERR) /EYPR

GO TO 150
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00002070
00002080
00002090
00002100
00002110
00002120
00002130
00002140
00002150
00002160
00002170
00002180
00002190
00002200
00002210
00002220
00002230
00002240
00002250

140 IF(XX.EQ.0.0)ZFLD=-2.¥ECON¥*CANCU4(O.,L,EP,NEV, IERR,EX03,MEV, CERR)/ 00002260

¥ EXPR

00002270

IF(XX.NE.0.0)ZFLD=-ECON*¥CANC4(-L,L,EP,NEV, IERR, EX03,MEV, CERR) /EXPR00002280

150 IF(NEV.LT.MEV.OR.IER.EQ.O0.OR.
1 (REAL(CERR).LE.EP.AND.AIMAG(CERR).LE.EP)) GO TO 120
WRITE(16,160) NEV,CERR,ZFLD,ICOMP,FREQ,BB,I,EP

160 FORMAT(/U45H WARNING--EP ACCURACY NOT ACHIEVED IN FCODE~-~/

1 5H NEV=,I5,6H CERR=,2E12.5,6H ZFLD=,2E12.5,7H ICOMP=,I2/

2 6H FREQ=,E12.5,4H BB=,E12.5,3H I=,I15,4H EP=,E12.5)

WRITE(6,160) NEV, CERR, ZFLD, ICOMP,FREQ,BB,I,EP

IERR=IERR+1

IF(IERR.LE.5) GO TO 120

IERR=2

IER=0

GO TO 120

F=CABS(ZFLD)

AMP=F

GO TO 210

CALL POLAR2(ZFLD, AMP, PHZ)

F=PHZ

GO TO 210

F=REAL(ZFLD)

GO TO 210

F=AIMAG(ZFLD)

RETURN

IOBS=PRNT(2)

FREQL=FREQ

LCOMP=ICOMP

ICOMP=1 :

IF(IOBS.LT.0) ICOMP=-1

IOBS=IABS(IOBS)

IF(ICOMP.EQ.LCOMP) GO TO (170,180,190,200),I0BS

GO TO 110

170

180

190

200
210
220
230
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00002520
00002530
00002540
00002550
00002560
00002570
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C-- "IMSLEXY" TERMINATION ROUTINE (CALLED ONCE BY IMSLMQ)

C (PARAMETERS SAME AS IN SUBROUTINE FCODE,PCODE, OR SUBZ)
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240 IOBS=PRNT(4)

GO TO 230

END

SUBROUTINE IMSLEXY SUBEND(Y,X,B,K,N,TITLE,IOUT)

C B= FINAL SOLUTION VECTOR OBTAINED BY PGM MARQRT.

C
C--FOLLOWING CHARACTER STMT. ONLY FOR HONEYWELL MULTICS SYS:

c
C
C
C
C
c

CHARACTER*5 TITLE(16)
REAL Y(1),X(200,5),B(1)
WRITE(6,10) TITLE

10 FORMAT(//26H ¥¥¥¥x¥*¥
1 284 FINAL UNSCALED PARAMETERS--, 10X, 11HRESISTIVITY, 11X,5HDEPTH/)

E ND

IF(IOUT.EQ.1) WRITE(16,10) TITLE
MM=(K-1)/2
DO 30 I=1,MM
R=1. O/B(I)
WRITE(6,20) I, B(I) I,R
20 FORMAT(SX I3, 4X E16 8 2X, I3 1X,E16.8)

IF(IOUT. EQ 1) WRITE(16 20)
30 CONTINUE

B(I) I,R

IF(K.LE.3) GO TO 52

M2=MM+1
K1=K-2

D=0.0

DO 50 I=M2,K1

D=D+B(I)
L=I-MM

WRITE(6,40) I, B(I) L,D
40 FORMAT(5X,I3,4X,E16.8,24X,13,1X,E16.8)
IF(IOUT.EQ.1) WRITE(16,40) I.B(I),L,D

50 CONTINUE

52 K1=K-1

DO 53 I=K1,K
WRITE(6,51) I,B(I)

51 FORMAT(5X,I3,4X,E16.8)
IF(IOUT.EQ.1) WRITE(16,51) I,B(I)

53 CONTINUE

60 RETURN
END

COMPLEX FUNCTION EX03(X)
C--EX COMPONENT/(ECON¥C1) FOR A=0 (GROUND CASE)

PARAMETER
X

COMMON/SHARE/--PLUS OTHER PARAMETERS 1IN

COMMON/MODEL/~~SEE COMMON STATEMENTS BELOW-~

REAL L,K(10),D(9)

ARRKEXEX O, 16A5//
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= REAL*4 ARGUMENT..NOTE: X-XX DISPLACEMENT USED IN RHO IF
L>0; ELSE (L=0) X IS DUMMY PARM AND WHERE RHO IS GIVEN IN
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C
c
c
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Program IMSLEXY

COMMON/MODEL/K, D, M
COMMON/ SHARE/

* EPS,

* C2,C3,CH,

* YX,YY,YY2, RHO, RHO2, DELRHO, B,

* L,DEL,DEL2,IREST(3)

COMMON/CTL/ZI1, ZFLD,

* AMP, SIG1,EXPR,EYPR,FREQ,LCOMP, ICOMP,

# Ep,NEPS, IEPS,IOB,M1,M21,M2, M2P1, IER, IERR, MEV, 1108
COMMON/SAVE /FSAVE (283 ) ,GSAVE (283) ,NSAVE -
COMMON/SAVE 2/FSAVE2(283)

COMMON/FX/XR2
COMPLEX F7_2,F11_2, ZHANKS, FSAVE, FSAVE2, ZFLD, 211,

¥ TERMT, TERM2 I1
EXTERNAL F7_ 2

yF11 2

DATA I1/(0.0, 1. 0)/
EX03=(0.0,0. 0)

XD=XX

IF(L.EQ.0.0) GO TO 10

XD=X~-XX

CALL SETRHO(X)

XR2=XD¥¥2/RH02

C4=1.0-2.0%XR2

IF(M.EQ.1) GO TO 3

IF(IOB.LT.5.0R.L.GT.0.0) GO TO 1
IF(LCOMP.NE.O.AND.(LCOMP.NE.ICOMP)) GO TO 11
ZI1=ZHANKS(1,B,F7_2,EPS,LL, 1)

TERM1= CMPLX(T

—XR2 O 0)

IF(IOB.GT.4) CALL SWAP(1)

DO 12 I=1,NSAVE

FSAVE(I)=CMPLX(GSAVE(I),0.0)*(TERM1*¥FSAVE (I)-FSAVE2(I))
TERM2=ZHANKS (0, B,F11 2,EPS,LL,0)

IF(IOB.GT.4) CALL SWAP(-1)

EX03=C4*ZI1/RHO-TERM2/DEL

TERM1=CMPLX (B, B)

TERM2=I 1¥DEL2%(1.0-3.0¥%YY2/RHO2+(1.0+TERM1) ¥*CEXP (~TERM1))
$/ (RHO*RHO2)

EX03=EX03+TERM2

RETURN

END

COMPLEX FUNCTION EYO03(X)
C--EY COMPONENT/ (ECON¥*C1) FOR A=0 (GROUND CASE)

PARAMETER
X

= REAL*Y4 ARGUMENT..NOTE: X-XX DISPLACEMENT USED IN RHO IF

L>0; ELSE (L=0) X IS DUMMY PARM AND WHERE RHO IS GIVEN IN
COMMON/SHARE/--PLUS OTHER PARAMETERS 1IN
COMMON/MODEL/-~-SEE COMMON STATEMENTS BELOW--

REAL L,K(10),D(9)
COMMON/FX/XR2
COMMON/MODEL/K,D, M
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COMMON/ SHARE/
% EPS,
%¥ c2,C3,Cc4,
¥ XX,YY,YY2, RHO, RHO2, DELRHO, B,
¥ L,DEL,DEL2,IREST(3)
COMMON/CTL/Z11,ZFLD,
¥ AMP,SIG1,EXPR,EYPR,FREQ,LCOMP,ICOMP,
¥ EP,NEPS,IEPS,IOB,M1,M21,M2,M2P1,IER,IERR,MEV,IIOB
COMPLEX F7_2,F12_2,ZHANKS,ZFLD,ZI1,
¥ TERM1,TERM2,13
EXTERNAL F7 2,F12 2
DATA 13/(0.0,-3.0)/
EY03=(0.0,0.0)
IF(YY.EQ.0.0) GO TO 5
XD=XX
IF(L.EQ.0.0) GO TO 10
XD=X-XX
CALL SETRHO(X)
IF(XD.EQ.0.0) GO TO 5
XR2=XD*¥¥2/RHO2
IF(M.EQ.1) GO TO 3
IF(IOB.LT.5.0R.L.GT.0.0) GO TO 1
IF(LCOMP.NE.O.AND.(LCOMP.NE.ICOMP)) GO TO 11
ZI1=ZHANKS(1,B,F7 _2,EPS,LL, 1)
IF(IOB.GT.4) CALL SWAP(1)
CALL MODIFY(1)
TERM1=ZHANKS(0,B,F12 2,EPS,LL,0)
IF(IOB.GT.4) CALL SWAP(-1)
EYO3=TERM1/DEL-CMPLX(2./RHO,0.0)%¥Z11
TERM2=I3¥DEL2/(RHO%RHO2)
EYO3=CMPLX(XD*¥YY/RH02,0.0)*(EY03+TERM2)
RETURN
END

COMPLEX FUNCTION F12_2(G)

C--KERNEL FOR IMSLEXY

COMPLEX F7_2
F12_2=G*F7_2(G)
RETURN

END

COMPLEX FUNCTION F11 2(G)

C--KERNEL FOR IMSLEXY. USES FSAVE2=I*V1¥(L1-1) IN /SAVE2/ VIA NSAVE.

C

COMPLEX FSAVE,FSAVE2,T1,F7_2,ONE
COMMON/FX/XR2
COMMON/SAVE/FSAVE(283),GSAVE (283) ,NSAVE
COMMON/SAVE2/FSAVE2(283)

DATA ONE/(1.0,0.0)/
T1=F7_2(G)*(ONE-CMPLX(XR2,0.0))
F11_2=CMPLX(G, 0.0)*(T1-FSAVE2(NSAVE))
RETURN
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